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Abstract: 



We present a search for excited electrons, neutrinos and quarks using the HI 
detector at the ep collider HERA, based on data taken in 1994 with an integrated 
luminosity of 2.75 pb _1 . Radiative decays of excited quarks and neutrinos have been 
investigated as well as decays of excited electrons into all possible electroweak gauge 
bosons. No evidence for new particle production is found and exclusion limits are 
derived. 
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1 Introduction 



In composite models of quarks and leptons it is natural to expect new heavy particles, which can 
be interpreted as excitations of the ground state. The direct observation of either excited leptons 
or excited quarks would certainly provide strong evidence for a new layer in the substructure of 
matter. 

Electron proton interactions at very high energies provide an excellent environment to look 
for excited leptons and quarks. If we consider for example excited electrons, these states can 
only be reached via magnetic type couplings Q because the electromagnetic current is conserved 
in electromagnetic interactions. It has been shown [Q], that about half of the cross section is 
expected in the elastic channel 

e + p^e*+p (1) 

with a branching ratio of e.g. 30% || into for the decay of an e* with a mass of more than 
150 GeV. This reaction has an extremely clear signature, a wide angle electron photon pair and 
nothing else in the detector. The analysis of other decay channels (e.g. e* — > e + jets) or of 
inelastically produced excited electrons (e + p — > e* + X) is more complicated. The present 
paper covers elastic and inelastic e* production in all decay channels. 

The magnetic coupling can also be applied to other gauge boson interactions. Excited 
neutrinos could for example be produced in charged current reactions, e + p — » u* + X. The v* 
will decay into vy, vZ or vW . This analysis considers a search for e + p — > v* + X, u* ^ v + 
because of the clear signature of this particular decay channel and because theoretical models || 
can be constructed which predict a high branching ratio BR* of v* — * vy. 

In the same way the magnetic transition coupling of quarks would allow single production 
of excited quarks through i-channel gauge boson exchange between the incoming electrons and 
quarks. The cross section is dominated by 7 exchange with very small values of the squared 
momentum transfer (photoproduction limit) and therefore the scattered electron is unseen in 
the detector. The decay q* — ► q + j again provides a clear signature and a search for this channel 
is also described in this paper. 

The essential parameter in the production and decay of excited fermions (/*) of mass M 
is the partial width T(f* — > fV), where V represents a heavy boson (W,Z) or photon. In the 
photonic case this partial width is given by 

r(/* - h) = A2 7// • (2) 

A general treatment can be found in ref. 0. The couplings cyf*f are a priori unknown. The 
theoretical calculation is model dependent, see for example ||. The parameter A determines 
the compositeness scale. It is presently constrained to values above 0.7 to 1 TeV. 

In the narrow width approximation the total cross section for elastic production of excited 
electrons is given by 

a{ep ^ e * p) = ^-{2J + l)L fi/p{ M 2 /s) (3) 

where J is the spin of the new fermion and yfs the center of mass energy (~ 300 GeV at HERA). 
The number of photons with momentum fraction between z and z + dz radiated off the proton 
is given by f 1 / p {z). It can be evaluated using e.g. the formula given in ref. 0. In the case of 
excited quark production the relevant formula includes a convolution of the photon densities / 7 / e 
in the electron and the quark densities f q / p in the proton. More general expressions for e* and 
v* production are given in ref. 0. Because the calculation of the widht, T, and the branching 
ratio, BR*, for the decay of the new fermion into a specific final state are model dependent, 



the experimental exclusion limits obtained in this paper are quoted for the products a ■ BR*. 
They can therefore also be used as exclusion limits for arbitrary heavy objects decaying into the 
investigated final states. 

Although most models would expect excited states with masses of the order of the composite- 
ness scale it is important to cover experimentally the M < 300 GeV region accessible for direct 
searches at HERA. This analysis uses data taken with the HI detector in 1994 at HERA with 
an integrated luminosity of 2.75 pb _1 in positron proton collisions^] at a center of mass energy 
of 300 GeV. Previous searches for excited fermions made with the Hl-detector are described in 
ref.s JH and ||. A similar search has been presented by the ZEUS collaboration 0. 



2 Experimental set-up 

A detailed description of the HI detector can be found elsewhere ||. Here we describe briefly 
the components which are relevant for this analysis. The interaction region is surrounded by 
a drift and proportional chamber tracking system, split into central barrel and forward parts 
and covering the angular range 7° < 9 < 176° []. The tracking system is placed inside a finely 
segmented liquid argon (LAr) calorimeter covering the range 4° < 9 < 153°. The electromagnetic 
section, between 20 and 30 radiation lengths (Xq) deep, is used to identify electrons and photons. 
Hadrons also deposit energy in the outer layers (hadronic section) of the LAr calorimeter. The 
total thickness of the LAr components varies between 4.5 and 8 interaction lengths. For the LAr 
calorimeter energy resolutions of a(E)/E ~ 12 %/ yjE (GeV) © 1% for electrons and a(E)/E ~ 
50 %l \JE (GeV) © 2% for hadrons have been obtained in test beam measurements. A 22 Xq 
deep lead-scintillator electromagnetic calorimeter (BEMC) is located in the backward region 
(151° < 9 < 176°) of the HI detector. The resolution is determined to be a{E)/E ~ 10 
%/V£(GeV)©2%. 

The tracking system and calorimeters are surrounded by a super-conducting solenoid pro- 
ducing a uniform field of 1.15 T in the z-direction. The iron return yoke of the main solenoid is 
instrumented with limited streamer tubes to measure tracks of penetrating muons in the range 
of polar angles 5° < 9 < 170°. There is an additional forward muon spectrometer to measure 
high energy muons in the region 3° < 9 < 17°. 

The luminosity detectors, which measure the Bethe-Heitler reaction ep — ► e-^p and electrons 
from photoproduction processes, are placed at the positions z = —33 m (electron tagger) and at 
z = —103 m (photon tagger), measured along the direction of the proton beam with respect to 
the nominal interaction point. 



3 Search for excited leptons 

3.1 Exclusive electromagnetic cluster analysis 

The first search method looks for ej pairs in an otherwise empty detector. Exotic candidates for 
this reaction are elastically produced e*s decaying into an electron and a photon. Also included 
are the so called quasi-elastic reactions (e.g. e + p — > e* + A + ) where the decay products of the 
hadronic state remain in the beam pipe. 

1 Only for v* production the charge of the incoming lepton is relevant. 

2 The forward direction (positive 2-coordinate) from which the polar angle, 8, is measured is the proton beam 
direction. 



Events have been selected with only two electromagnetic clusters and little additional energy 
observed in the detector. The main background source stems from the Wide- Angle Bremsstrah- 
lung (WAB) process ep — * ejp(X) with a well separated e7 pair in the final state. The WAB 
process constitutes a kinematically indistinguishable background to e* production. Optimizing 
the cuts for the selection of WAB events therefore also optimizes the efficiency for excited 
electrons decaying into e + 7. 

Most of the WAB events are expected to have an e 7 system of low invariant mass with high 
momentum in the direction of the incoming electron. The system is boosted into the forward 
direction only for masses of the e 7 system above 2 E, where E is the energy of the incoming 
electron (27.5 GeV). 

Another type of expected background is that due to the so called Two Photon (7 7) process 
ep — ► eeep(X), where an electron positron pair is produced in addition to the scattered positron. 
If two of these three leptons are seen inside the detector and one of them has no reconstructed 
track, due to geometrical acceptance or chamber inefficiencies, the event could be misinterpreted 
as an e 7 candidate. 

The cuts to select pairs are shown in table [l]. The events are required to have satisfied 
the BEMC or LAr energy triggers. Trigger efficiencies have been studied using selected WAB 
events with one electromagnetic cluster in the BEMC and the other in the LAr calorimeter. 
The trigger efficiencies are ~ 100 % for electromagnetic clusters with energies above 8 GeV in 
the BEMC, above 14 GeV in the LAr barrel region (8 > 20°), and above 30 GeV in the LAr 
forward region {6 < 20°). Parameterized trigger efficiencies were then folded into the Monte 
Carlo models for the simulation of e* production. 



1. > 2 isolated e.m. clusters, E{ > 2 GeV for i = e, 7 

2. E e + E 1 > 20 GeV 

3. E total -E e -E^<h GeV 

4. \m(B e , 9-y) — m\ < 2 m 

5. \Ei(0 e , # 7 ) — Ei\ < Ei 

6. Bi < 170° 

7. 10° < B e < 160° or 10° < B 1 < 160° 

8. 20 < (E- Pz ) total < 80 GeV 

9. —30 < z-vertex< 40 cm, if z-vertex is reconstructed 

10. m > 10 GeV 

11. Visual scan 

Table 1: Selection requirements for the exclusive electromagnetic cluster analysis. Here m is 
the invariant mass of the cj system. The other quantities are explained in the text. If more 
than two isolated e.m. clusters are found, the two clusters fulfilling requirements 1 and 2 with 
the largest polar angles Bi are used. 

We define an electromagnetic cluster as one which has at least 90 % of its energy deposited in 
the electromagnetic part of the calorimeters and which is isolated. The isolation requirement is 
based on a geometric cone in terms of azimuthal angle (A0) and pseudo-rapidity (Ary) differences 
with respect to the center of the cluster. If less than 10 % additional energy is found outside the 
cluster but within R = \/A(j) 2 + At/ 2 < 0.5, the cluster is defined as isolated. 

Requirement 2 takes into account that for most elastic and quasi-elastic WAB events at low 
e 7 masses the summed energy of the two clusters is given by the energy, E, of the initial electron. 
Requirement 3 rejects events with other particles in the final state and thus represents the 'empty 
detector' condition. Here Etotal is the total energy deposited in the BEMC and LAr calorimeters. 



Requirements 4 and 5 are loose cuts in order to ensure the proper kinematics: for exclusive e* 
(— > cy) production as well as for the elastic and quasi-elastic WAB background the kinematics 
of the process is over-constrained. Using the polar angles 6 e and # 7 alone, the electron or photon 
energies Ei(9 e , # 7 ) or the mass m(6 e , fty) of the e 7 system can be calculated. These quantities can 
then be compared to the measured energies, Ei, and to the fully reconstructed invariant mass, 
m, using the measured 4-vectors. Requirement 6 excludes a region where WAB background 
is especially large. Requirements 7 and 8 suppress background from low squared momentum 
transfer Neutral Current (NC) Deep Inelastic Scattering (DIS) and ~fp events, respectively. 
Requirement 9 suppresses events which are not due to positron proton collisions. 

442 events have passed the selection criteria including a cut m > 10 GeV . These events were 
scanned visually. Cosmic ray induced events (29 events) and beam halo muon events (39 events) 
of complicated topology were identified and removed at this stage. 124 events did not satisfy 
the e7 hypothesis, because they had tracks pointing to two clusters or tracks uncorrelated with 
the electromagnetic clusters. This latter class of events is not due to the WAB process as was 
confirmed by a scan of WAB Monte Carlo events corresponding to an integrated luminosity of 
6 pb" 1 . The same scanning procedure was also performed for selected Two Photon Monte Carlo 
events [JToJ] (integrated luminosity of 9 pb -1 ). The generated WAB and 77 events are processed 
using the HI detector simulation program and are then subject to the same reconstruction and 
analysis procedures as the real data. 

The remaining 250 events are compared to the WAB event simulation which predicts 257.2 ± 
13.7 events (for an integrated luminosity of 2.75 pb -1 ) and to the 77 event simulation, where 
9.4 ± 1.6 events are expected. 

The distributions of the energies and polar angles of the electromagnetic clusters (not shown) 
as well as the e 7 mass spectrum (figure [lj) are reproduced well both in shape and absolute value 



by the WAB and 77 Monte Carlo simulations. Applying the Kolmogorov-Smirnov test [11 1 to 
the mass spectrum the probability is 90 % that both follow the same distribution. The highest 
measured mass is at 91.3 GeV. Above 50 GeV 4.6 events are expected and 4 events are seen. In 
total 0.6 events are expected from the WAB process for masses above 100 GeV. 



3.2 Inclusive electromagnetic cluster analysis 

Candidates for more general event topologies from heavy lepton decays, with two or more elec- 
tromagnetic clusters as well as other particles in the final state, must fulfill the selection criteria 
shown in table ||. The selections in table § are motivated by Monte Carlo studies and will ensure 
high efficiencies for the high mass region in the channels e* — > e 7 and e* —* e Z, Z —* e e for 
elastic and inelastic e* production. 



1. > 2 isolated e.m. clusters, E n > 20 GeV, E t2 > 10 GeV 

2. 20 < (E- Pz ) total < 80 GeV 

3. —30 < z-vertex< 40 cm, if z-vertex is reconstructed 

4. Visual scan 

Table 2: Selection requirements for the inclusive electromagnetic cluster analysis. En and Et2 
are the transverse energies of the first and second cluster. If more than two isolated electromag- 
netic clusters are found, the two clusters with largest transverse energies are used. 



328 events were selected and scanned visually and 65 cosmic muons and 167 beam halo muon 
events were removed from the data sample. First, the decay channel e* — > e7 was analyzed. 75 
events are due to the DIS process where a hadronic jet near a c/>-crack of the LAr calorimeter was 
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Figure 1: Mass spectrum of the selected e7 pairs with masses above 10 GeV in the exclusive 
electromagnetic cluster analysis. Only statistical errors are shown. The shaded histogram 
shows the absolute prediction based on the Two Photon Monte Carlo simulation, and the open 
histogram shows the expectation for the sum of the Two Photon and WAB processes. 



misidentified as an electromagnetic cluster. Two events are not considered as candidates for the 
cy final state as they have tracks pointing to both clusters. There remain 19 candidates for the 
decay channel e* — > e 7 which are compared to the WAB || and NC DIS [|l!| event simulation. 
The expectations from these two processes are 10.8 ± 2.0 and 4.5 ±1.3 events, respectively. 

The absolute values and the shapes of the distributions for the transverse energies and polar 
angles of the electromagnetic clusters (not shown) as well as the invariant mass spectrum of 
the two clusters (figure |||) are reproduced well by the Monte Carlo simulation. Applying the 
Kolmogorov-Smirnov test to the mass spectra, the probability is 69 % that both follow the same 
distribution. The highest measured mass is at 154.3 GeV. In total 0.06 events are expected 
from the WAB process for masses above 150 GeV. 

Candidates for the decay channel e* — ► eZ, Z —* ee (21 events) must fulfill the following 
additional cuts: if there are exactly two isolated electromagnetic clusters in the event, both 
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Figure 2: Mass spectrum of the selected high E t electromagnetic cluster pairs in the inclusive 
electromagnetic cluster analysis. The shaded histogram shows the absolute prediction based on 
the DIS Monte Carlo simulation, and the open histogram shows the expectation for the sum of 
DIS and WAB reactions. 



must have a polar angle, 6, above 20°. The invariant mass of the two cluster system must be 
between 80 GeV and 95 GeV. If more than two clusters are found, the third cluster must have 
Et3 > 5 GeV. The invariant mass, reconstructed from only two of the three clusters, which is 
nearest to the mass of the Z boson is then required to be between 80 GeV and 95 GeV. 

These additional selections are applied to all 96 previously selected physics events (i.e. not 
cosmic or beam halo muon induced); no event survives and there are therefore no candidates 
left for this decay channel. 



3.3 Cluster and missing transverse energy analysis 



Events with at least one isolated high transverse energy electromagnetic cluster in addition 
to a large missing transverse energy are candidates for the decay channels e* — > e Z, Z — > 



vu, e* — ► z^VF, W — > ei^, or f* — ► 1/7 in both elastic and inelastic production processes. 
Background is expected from the NC DIS process with large fluctuations of missing transverse 
energy. Candidates for these event topologies must fulfill the selections shown in table [||. 

Requirement 3 minimizes background from NC DIS reactions and enhances a possible signal 
with highly energetic neutrinos in the final state. Requirement 5, which excludes events with a 
muon track, serves as a simple cosmic and beam halo muon event filter. 



1. > 1 isolated electromagnetic cluster, E t > 20 GeV 

2. E^ iss > 20 GeV 

3. (E - p z ) total < 50 GeV 

4. —30 < z-vertex< 40 cm, z-vertex must be reconstructed 

5. No rec. track in the instrumented iron with > 8 hits 

6. Visual scan 

Table 3: Selection requirements for the electromagnetic cluster and missing transverse energy 
analysis. Et is the transverse energy of the cluster, and E" ltss is the total missing transverse 
energy of the event. If more than one isolated electromagnetic cluster is found, that with largest 
transverse energy is used. 



268 events were selected and scanned visually and 111 cosmic events and 153 beam halo muon 
events were identified and removed at this stage. In one event a hadronic jet was misidentified 
as an electromagnetic cluster. Finally three candidate events remain, where 0.8 ± 0.5 events 



are expected from NC DIS [12] interactions. 



For candidate events the 4- vector of the missing neutrino system, and therefore the invariant 
mass of the excited lepton, can be reconstructed for the decay channels e* — > e Z, Z — > v v 
and v* — > wy. For the channel e* — ► uW, W — > ev the invariant mass of the two neutri- 
nos was assumed to be that of the VF-boson. This choice is a compromise and overestimates 
(underestimates) the reconstructed excited lepton mass in the low (high) mass region. 

The reconstructed excited lepton masses of the three surviving events are 139 GeV, 148 GeV 
and 186 GeV for the hypothesis e* -> e Z, Z -> v u, and 131 GeV, 134 GeV and 165 GeV 
assuming e* — * v W, W — * e v. For both hypotheses no significant deviation in the mass 
distribution is observed compared to the NC DIS Monte Carlo simulation. 

Events for the decay channel v* — > v 7 are required to satisfy the additional requirement that 
there is no track with transverse momentum, pt, above 5 GeV inside a cone of R = 0.1 in the 
?7-</>-plane, centered around the isolated cluster, where R is defined as in the previous analysis 
(see section 3.1). None of the three data events survives this additional selection. 



3.4 Inclusive muon analysis 

Events with high transverse momentum (pt) muons in the final state are selected as candidates 
for the decay channels e*->e2,Z-t/i/i and e* — > v W, W — > [i v of elastically and inelastically 
produced excited leptons. High energy muon candidates in the final state are to be expected 
from the Two Photon process, 77 — ► /i/i, from photo- and electro-production of J/^-mesons, 
from meson decays and from hadronic punch-through. The basic selection cuts are shown in 
table § 

After applying the cuts 1-4 shown in table ||, 170 events remained and were visually scanned. 
Of these, 147 events were found to be cosmic or beam halo muons, leaving 16 single muon events, 



1. > 1 track in the instrumented iron 

2. Link to a central vertex 

3. pt > 10 GeV of a central track linked to the iron track 

4. Rejection of throughgoing cosmic ray muons 

5. Visual scan 

6.1 Second track in the instrumented iron, link to a central track 

6.2 Invariant mass of two muon system greater than 60 GeV 

7.1 No second track in the instrumented iron with link to a central track 

7.2 < 2 tracks beside muon track 

7.3 No central track opposite in polar and azimuthal angle to the muon track 

Table 4: Selection requirements for the inclusive muon analysis, pt is the transverse momentum 
of the z-vertex fitted central track. Candidates for the decay channels e* -» eZ, Z — > p /x or 
e* — > v W, W — > \iv have to satisfy selection criteria 1-6 or 1-5 and 7, respectively. 



6 two muon events, and one event with four muons in the final state. Applying the additional 
cuts 6.1 and 6.2 to select candidates for the decay channel e* — > e Z, Z — > fifj,, no event remained. 
All masses of the two muon system are below 44 GeV and the events are therefore rejected. As 
well as the standard selection criteria 1-5 candidates for the decay channel e* — > v W, W —* fi v 
have to satisfy the additional cuts 7.1-7.3. Only elastic e* production is considered (cut 7.2) 
because it is difficult to identify single muons within jets. No event survives the cuts in this 
channel. 

3.5 Jet analysis 

In the context of this paper events with a final state including two or more jets with a high 
invariant mass are candidates for decays of the heavy gauge bosons W and Z. Background events 
are expected from photoproduction, NC DIS, or from Charged Current (CC) DIS processes. The 
cuts to select candidates for the decay channels e*^eZ,Z^qq and e* — ► uW, W — > qq' are 
shown in table ||. 



1. > 2 jets, E ti > 15 GeV, with i = 1, 2 

2. mi2 > 60 GeV 

3. E tag < 2 GeV 

4. —30 < z-vertex< 40 cm, z-vertex must be reconstructed 

5. Visual scan 

6. Electron candidate, 9 e < 140° 

7.1 Reject events with an electron candidate 

7.2 E r t niss > 20 GeV 

7.3 {E- Pz ) total < 50 GeV 

Table 5: Selection requirements for the jet analysis. m\2 is the invariant mass of the two jet 
system. If more than two jets are found, the two jets with highest transverse energies En are 
used. E tag is the energy deposited in the electron tagger. An electron candidate is defined as an 
isolated electromagnetic cluster with E e > 10 GeV and 9 e > 10°. The electron candidate with 
highest energy is ignored in the jet search. 

A cone algorithm with radius R = 1 in the ry-(/>-plane is used to define jets. The two jets 
with largest transverse energies are used. If an electron candidate, defined as the most energetic 



isolated electromagnetic cluster satisfying E e > 10 GeV and 9 e > 10°, is found, it is not included 
in the jet search. Requirement 3 rejects photoproduction events in which the scattered positron 
is detected in the electron tagger. Requirement 4 suppresses beam-gas events. The events are 
visually scanned and background events (cosmic muons) as well as events with misidentified 
electron candidates or jets are rejected. The same scanning procedure was also performed for 
Monte Carlo events. 

The events were required to have a LAr transverse energy trigger. The efficiency of the LAr 
transverse energy trigger has been estimated using 55 events satisfying cuts 1, 2, 4, 5, and 7.1, 
which were triggered by the electron tagger. Of these events 51 also have a LAr transverse 
energy trigger, giving an efficiency of 93%. If both jets have transverse energies, En, greater 
than 20 GeV, the trigger efficiency rises to 100%. 

Candidates for the decay channel e* — > e Z, Z — > g g are required to fulfill selection criteria 
1-6. In this channel 15 data events are selected to be compared with the expected 14.6 ± 2.3 



events from a NC DIS Monte Carlo simulation [12] 



The absolute number of events as well as the invariant mass spectrum of the two jets and 
the electron, mi2 e , (figure |3|) are well reproduced by the Monte Carlo simulation. Applying the 
Kolmogorov-Smirnov test to the mass spectra (figure |3|) the probability is 43 % that both follow 
the same distribution. The highest measured mass is at m\2e = 164 GeV. 

Candidates for the second decay channel e* — > v W, W — > qq' are required to fulfill selection 
criteria 1-5 and 7. Three data events survive the cuts compared with the 0.6 ± 0.6 events 
expected from a Monte Carlo simulation of photoproduction |l3|]. A rough estimate shows that 
from the CC DIS process approximately one further event is expected. 

The invariant masses of the two jet system, mi2, for the three events are 73 GeV, 112 GeV, 
and 75 GeV respectively. The 4- vector of the missing neutrino is reconstructed and the invariant 
masses of the two jet system and the neutrino, m\2v are found to be 120 GeV, 135 GeV, and 
141 GeV respectively. 

In summary, after imposing selection requirements for heavy gauge bosons, no significant 
excess of events is found in any of the channels under study. Where candidates still survive the 
cuts, their number is compatible with expectations from specific background processes. 



3.6 Results of e* and v* search 

Table ^ shows the total efficiencies, including that of the trigger, for all excited lepton channels 
under study as a function of excited lepton mass. The Monte Carlo event generator COM- 
POS |L4[ based on the cross section calculated in ref. Q is used. We employ the Lund string 
model [ [ilfl f or hadronization and decays. All results presented here have been obtained using the 
MRS H |l6| parameterization of the parton densities. The generated events are passed through 
the full HI detector simulation and are reconstructed in the same manner as the real data. 

The experiment can set limits on the product a -BR* of the production cross section with the 
branching ratio into a specific decay channel. The limits are derived by following the procedure 
recommended by the Particle Data Group 17]. Figure ||| shows the rejection limits at a 95 



o 



Confidence Level (CL) for the e* and v* as a function of the masses of the excited states. In 
calculating limits for the channel e* -> e7 both samples from the exclusive and the inclusive 
electromagnetic cluster analysis are combined as are the different decay channels of the W and 
Z heavy gauge bosons. The rejection limits for final states with a W or Z boson are similar, 
the main difference stemming from Z decays into v v. The results improve earlier published HI 
results [0] by a factor 3 to 6 in the limits for the excluded cross section. 
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Figure 3: Mass spectrum of the selected electron and two jets. The histogram shows the 
absolute prediction based on the NC DIS Monte Carlo simulation. 



In the following the uncertainties of the limits on a ■ BR* for the channel e* ^ cj are 
discussed. The wiggles are due to possible statistical fluctuations of the number of candidate 
events. The other decay channels have fewer candidate events and therefore little or no fluctua- 
tions of the calculated limits. The uncertainties due to efficiency and integrated luminosity are 
similar for all channels. 

A shift of the calorimeter energy scale by ±5 % effectively shifts both the event masses and 
the resulting limits by approximately ±5 % on the horizontal axis. A variation of sensitive energy 
cuts in the analysis by ±5 % leads to statistical limit fluctuations of 5-10 % for e* masses below 
100 GeV, and has no effect for higher e* masses. 

The statistical uncertainty on the background estimator of 10 % in the lowest mass bin, the 
error in the knowledge of the total efficiency (2-3 %), and the error in the integrated luminosity 
(1.5%) lead to a 15% limit variation for e* masses below 100 GeV, which decreases to 3.3% at 
high e* masses, where no candidates were found. In addition the use of other parton density 
parameterizations leads to variations in the derived limits of up to 10%. 
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Table 6: Total analysis efficiencies for different decay channels of the excited leptons. Efficiencies 
are given as percentages and are based on 200 simulated Monte Carlo events for each entry of 
the table, from which an absolute efficiency error of 2-3 % follows. An entry ' — ' means that no 
events were generated at this mass. 



Using the specific model for excited leptons of Hagiwara et al. Q one can also calculate limits 
on the quantity c/A ■ V BR*, where the coupling constant c = c 7e * e for e* and c = cy/v*e for v* . 
For the channel e* -> e7 and e* masses of 50 GeV, 100 GeV, . . . , 250 GeV the corresponding 
limits (in TeV" 1 ) with 95 % CL are 1.21, 0.97, 1.34, 2.45, and 11.1. For a typical value c^ e * e = 1/4 
and an e* mass of 100 GeV we currently rule out compositeness scale parameters A < 440 GeV. 

The v* production cross section is very much suppressed in positron proton collisions com- 
pared to electron proton collisions due to the different charge of the exchanged W boson and 
the different quarks probed inside the proton. A derivation of an exclusion limit for A is only 
meaningful if the total width of the excited fermion is small compared to its mass. In the model 
of Baur, Spira and Zerwas || the decay of an excited neutrino into 1^7 is allowed if the couplings 
/, /' are set to 1, —1, which results in ci v * v = 1/4. With this choice of parameters A < 19.5 GeV 
is excluded at a mass of 135 GeV where the total width already reaches 28 GeV. For a v* mass 
of 100 GeV compositeness scale parameters A < 51 GeV are ruled out by this experiment. 

Searches for excited leptons are also performed in e + e~ annihilation experiments At 
present the results obtained are restricted to masses below ~ 135 GeV, however with better 
limits on the coupling than achieved in this experiment. The L3 collaboration e.g. quotes 
limits (95% CL) On Cy e *e I A ■ ^BR* which range between 0.32-0.51 TeV" 1 for e* masses from 
90-130 GeV. 



4 Search for excited quarks 
4.1 Cluster and jet analysis 

As mentioned in the introduction the q* production is dominated by 7 exchange with very small 
values of the squared momentum transfer and the scattered positron is nearly always unseen in 
the detector. So the final state of q* — ► qj events is characterized by an isolated electromagnetic 
cluster with large transverse energy, Et, and a jet which balances this Et. Therefore the main 
backgrounds which could mimic the signal are NC DIS events for which the electron track is lost 
(mismeasured), WAB events with the electron identified as a jet, and photoproduction events 
with a high Et jet having a large enough electromagnetic component to simulate a photon, or 
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Figure 4: Rejection limits with a CL of 95% for e* and zA Regions above the curves are 
excluded. Decay channels of the heavy gauge bosons W and Z are combined. 



1. > 1 isolated e.m. cluster, E tl > 20 GeV 

2. 20° < 6» 7 < 160° 

3. No track pointing to the e.m cluster 

4. No electron candidate 

5. > 1 jets, Ap x ^y < 3a 

7. z-vertex must be reconstructed 

8. Visual scan 

Table 7: Selection requirements for the cluster and jet analysis. The variables are explained 
in the text. If more than one isolated electromagnetic cluster is found, that with the largest 
transverse energy is used as the photon candidate. The jet giving the best balance to the photon 
in transverse energy is used. 



with the production of a prompt photon. The cuts to select candidates for the channel q* — > 
are shown in table |7[ 

Requirements 1 to 3 are the basic selection cuts for photon candidates. The photon is taken 
as the highest Et electromagnetic shower found in the LAr calorimeter with no corresponding 
track, i.e. no vertex-fitted track within a cone of R = \/Jjjtr ~ Vem)' 2 + {<t>tr ~ 4m) 2 < 0.3 around 
the electromagnetic cluster center and no non-vertex-fitted central track with a projection on 
the front face of the calorimeter closer than 10 cm to the electromagnetic cluster center. These 
cuts reject most of the NC DIS events. 

An independent search for electrons is then performed (requirement 4). Events with both 
a photon and an electron are rejected. This criterion mainly rejects WAB events and NC DIS 
events with wide angle final state radiation. 

For the definition of the jets a cone algorithm with radius R = 1 in the r/-0-plane is used. At 
least one jet is requested (requirement 5). In the case of more than one jet being found, the jet 
which gives the best Et balance to the electromagnetic cluster is kept. A 3a p x and p y balance 
cut is then applied. This last selection is mass dependent and for each event the value of a is 
chosen according to the invariant mass of the photon-jet-system. The dependence of the Ap x 
and Ap y distributions widths on the q* mass has been determined using Monte Carlo events 
generated with such a q* decay. 

After applying all selection cuts, 8 candidates for q* — > qj are found. A visual inspection 
of these candidates allows a clear interpretation of 6 of them : 5 are NC DIS with the electron 
track badly reconstructed and one is a photoproduction event. 

For the background estimation, the generated NC DIS Monte Carlo events, corresponding 
to an integrated luminosity of 26.9 pb , the WAB events [p| (18.4 pb -1 ) and the photopro- 
duction events (resolved: 3.72 pb -1 , direct: 4.04 pb -1 , direct with charm: 4.12 pb -1 ) are all 
passed through the HI detector simulation program and are subject to the same reconstruction 
and analysis procedure as the real data. The expected number of events from these different 
background processes, normalized to the integrated luminosity of 2.75 pb , are 4.03 ± 1.12, 
1.25 ±0.65 and 2.04 ± 1.18 respectively. The quoted errors include statistical errors and an error 
of 1.5% on the integrated luminosity . The invariant mass of the photon-jet-system of the 8 
events is shown on Figure ||. The experimental mass resolution varies from 3.5 to 10 GeV for 
a q* mass between 50 to 250 GeV. The absolute number of the events and the shape of the 
distribution are well described by the Monte Carlo simulation. 



4.2 Results of q* search 

No model assumption is made in the search for a q* decaying into a quark and a photon. However, 
in order to give limits on cross sections, specific assumptions are used to determine the detection 



efficiency for q* — * q*y events. The Monte Carlo event generator COMPOS [14] is used with the 
Lund string model giving fragmentation and decays and the MRS H |l6[] parameterization of 
parton densities. The generated events are then passed through the full HI detector simulation 
and reconstructed in the same manner as the real data. The total detection efficiency is shown 
in table ^, as a function of the q* mass. 

Finally the 95% CL rejection limit on cr(q*) • BR(q* — ► q + 7) is shown in figure |6] as a 
function of the q* mass. Cross sections above a value of about 9 pb for a q* mass of 50 GeV 
down to a value of 2 pb for a q* mass of 250 GeV are ruled out at the 95 % CL. 



A variation of ±2 % on the electromagnetic and ±5 % on the hadronic energy scale of the 
LAr calorimeter corresponds to a systematic error on the limit which decreases from +35 % for 
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Figure 5: Invariant mass spectrum of the photon-jet-system. The points correspond to the 
data and the histogram to the background expectation. 



Decay channel 


Mass q*/GeV 
50 75 100 150 200 250 


q* -> 97 


30 47 50 55 49 53 



Table 8: Total detection efficiency, given as a percentage based on 1000 simulated Monte Carlo 
events for each mass. 



a q* mass of 50 GeV (due mainly to a larger rejection rate with the pt selection), to 10% for a 
q* mass above 75 GeV. 

To determine the influence of the specific model used in computing detection efficiencies, we 
have simulated an isotropic angular decay distribution by re-weighting the COMPOS events. 
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Figure 6: Rejection limit with a CL of 95 % on a(q*) ■ BR{q* 
curve is excluded. 



(7 + 7). The region above the 



The efficiency for finding the signal decreases from 19 % to 33 % for a q* mass in the range 
50-250 GeV. This would correspond to the limit for cr(q*) ■ BR(q* — > q + j) varying from 11 to 
3pb. 



Assuming a specific model Q our limit can be transformed into a limit on the compositeness 
scale, A. However, this limit is strongly dependent on the relative coupling of q* — > qV (where 
V stands for 7 Z W) to q* — > qg. As an example, for a q* mass of 100 GeV the limit on A 
goes from about 60 GeV ( if the BR(<f -» qg) ~ 95% ) to 290 GeV ( if the BR(<f -» qg) 
~ 25% ). Our results are complementary to a search in proton anti-proton collisions |2(J which 
investigates g* production via quark gluon excitation. 



5 Conclusions 



Using data taken in 1994 new limits for the production of excited electrons in high energy 
electron proton interactions have been obtained. For excited electrons the search includes the 
decay channels e* — ► ej, e* — > eZ and e* — ► i/W, with the heavy bosons decaying into leptons 
or jets. New limits extending up to masses of 250 GeV are obtained. A search for excited 
neutrinos is also included considering only electromagnetic decays. In addition new limits for 
q* production via electromagnetic excitation and decay are presented which complement results 
obtained at hadron colliders. 
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